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Abstract—We have developed a general-purpose electrotac-
tile (electrocutaneous) stimulation system as a research tool for
studying psychophysiological performance associated with var-
jous stimulation waveforms. An experimenter-defined com-
mand file specifies the stimulation current and waveform of each
of the 16 channels. The system provides burst onset delay of
0-20 ms, phase current of 0-50 mA, interphase interval of 0-
1000 ys, number of pulses per burst from 1-100, pulse repeti-
tion rate of 0.1-25 kHz, phase width of 2-1000 us, and func-
tionally-monophasic pulses (with zero dc current) or balanced-
biphasic pulses (with equal positive and negative phases). The
system automatically delivers the desired stimulation, prompts
the subject for responses, and then logs subject responses. Key
features of the system are 1) very flexible choice of bursts of
pulsatile waveforms, 2) real-time control of all of the waveform
parameters as mathematical functions of external analog in-
puts, and 3) high-performance electrode-driver circuitry.

INTRODUCTION

LECTROTACTILE STIMULATION evokes tactile

(touch) sensations within the skin at the location of
the electrode by passing a local electric current through
the skin. Sensory substitution is the use of one human
sense (in this case, touch) to receive environmental infor-
mation normally received by another sense (often vision
or hearing). For the sense of touch, sensory substitution
is the use of one area of skin to receive tactile information
normally received at another location. Several papers re-
view technology and devices for electrotactile simulation
{11, [2], visual substitution [3], [4]. auditory substitution
[5]-[7], and other applications [2], [8]-[12].

Limitations of Present Electrotactile Displays

Insufficient Dynamic Range: A substantial limitation of
present electrotactile displays is that they lack sufficient
intensity dynamic range. Our normal senses of vision,
hearing, and touch can mediate stimuli which we perceive
as strong or intense without being painful. Electrotactile
stimulation, on the other hand, can develop an uncom-
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fortable stinging quality even at moderate stimulation lev-
els if improper stimulation waveforms or electrodes are
used. The traditional measure of intensity dynamic range
is the ratio of the stimulation currents required to produce
sensation threshold /g and pain threshold /p. Ip /I typi-
cally ranges from 2-4 for unexperienced subjects and
6-8 for experienced subjects [13]. This range is a limi-
tation for intensity-modulated stimulation codes but not
necessarily for frequency or spatially-modulated codes.

Interpretation of Unfamiliar Sensations: Electrotactile
stimulation produces sensations that are often unfamiliar
and not comparable to normal touch sensations. In partic-
ular, the relationship between the stimulus intensity (cur-
rent) and the perceived sensation is quite different than
that for normal touch. Research using this instrumentation
will provide information to assist in the design of appro-
priate information processing schemes for electrotactile
displays [1].

Required Instrumentation

To determine optimal stimuius waveforms, we require
a system which independently controls all eight waveform
parameters (defined below) for several channels of elec-
trotactile stimulation. For independent channel control,
the output circuit should simultaneously drive several
electrodes without interchannel interaction due to output
circuit multiplexing such as that used in the Tacticon au-
ditory prosthesis [7], [11]. Finally, the system should be
capable of administering predefined experiments to sub-
jects and automatically recording their responses with
minimal experimenter intervention during the session. We
therefore developed this custom electrotactile stimulation
system (ETSS).

Waveform and Electrode Definitions

All eight of the waveform parameters in Table I and all
seven of the electrode parameters in Table II influence the
electrotactile sensation. Fig. 1 shows the pulse timing re-
lationships; Fig. 2 shows the four pulse types. Fig. 3 de-
fines the generalized single-electrode parameters. The
eight waveform parameters define a generalized stimula-
tion waveform; proper choice of parameters can describe
any rectangular electrotactile stimulation waveform pre-
viously described in the literature.
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TABLE 1
ELECTROTACTILE WAVEFORM PARAMETERS

Parameter Symbol ETSS Range Resolution  Unit
Burst onset delay D 0-120 0.002 ms
Burst rate F 1-1000 # Hz
Phase current 1 0-50 0.00122 mA
Interphase 1Pl 0-1000 0.2 us

interval
Pulses/burst NPB 1-100 -~ I pulses
Pulse rate PRR 0.1-25 # kHz
Phase width w 2-1000 0.2 us
Pulse type Type M+,M-,B+.B- N/A
Pulse repeat P* = 1 /PRR 0.04-10 0.002 ms
period
Time between T* = 1/F 1-1000 0.02 ms
bursts

*P and T are redundant parameters, being derived directly from PRR and
F, respectively.

*The resolution of F and PRR vary over the operating range to corre-
spond with the resolutions of 7"and P, respectively.

TABLE 1I
ELECTROTACTILE ELECTRODE PARAMETERS

Parameter Symbol
Active electrode diameter D,
Insulating ring diameter D,
Dispersive electrode diameter D,
Body location Loc
Electrode separation Sep
Electrode material Mat
Skin preparation technique Prep

T=1/F
P=1/PRR

o w

] ’T +Phase —4
=

Fig. 1. Electrotactile waveform parameters: D, delay; W, width; /P, in-
terphase interval; /, current; T, time between bursts; F, frequency of burst
repetition; P, period of pulse repetition; PRR, pulse repetition rate; NPB
number of pulses per burst.

Pulse (B+)
Burst (NPB=2)

negative

B+ Balanced-biphasic
positive

B~ Balanced-biphasic
negative

Fig. 2. Electrotactile waveform pulse types. Average current is zero for
all types. The dotted line is the zero-current reference.

The literature contains inconsistent waveform termi-
nology. Frequently, M+ and M— waveforms as shown
in Fig. 2 (with zero net dc current and nonzero baseline)

Dispersive
return

/ electrode

insulation

Active
center
electrode

Fig. 3. In electrotactile electrodes, current enters through the active center
electrode and returns through the annular dispersive return electrode. This
focuses the region of highest current density to the skin region directly
beneath the active electrode to provide well-localized sensations. Typical
electrode dimensions are 2-10 mm for D,. 1-4 mm for D,~-D,, and 4-100
mm for Dy, ’

are called ‘‘biphasic’’ because they have positive and
negative parts. B+ and B— are sometimes called ““bi-
phasic with equal positive and negative parts.’’ A zero-
baseline monophasic waveform (with a net dc current) is
never used for electrotactile stimulation due to rapid skin
irritation resulting from electrochemical reactions at the
electrode-skin interface [11]. Therefore, we use the terms
““functionally-monophasic’’ for M+ and M— and ‘‘bal-
anced-biphasic”>> for B+ and B— to avoid ambiguity.

Finally, the two phases of a balanced-biphasic wave-
form pulse (Fig. 1) are often called pulses (with the result
that interphase interval is called ‘‘interpulse interval’).
Introducing the term *‘phase’” avoids the above ambigu-
ity, and uniquely specifies the interpulse and interphase
timing relationships.

ETSS SySTEM FUNCTIONS
Waveform Parameter Control

Each of the 16 independently-controllable stimulation
channels can deliver waveforms within the parameter lim-
its in Table I. Parameter changes in one channel do not
affect the waveform in any other channel. The ‘‘Hard-
ware-Performance’’ section elaborates on the parameter
control tolerances.

All of the waveform parameters can be controlled in
real time by mathematical functions of time or external
analog inputs from subject-controlled knobs or sensors.
Furthermore, the stimulation parameters for one experi-
mental trial may be functions of earlier subject responses
in the experiment.

Automated Experiments

An experimenter-defined command file controls the fol-
lowing functions:

1) Fixed waveform parameters for each channel.

2) Source of dynamic variation of waveform parame-
ters (time or an external analog input).

3) Order of stimulus presentation (randomization
available).
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4) Timing of stimulus presentation.
5) Subject instructions and prompts.
6) Output file format.

HARDWARE

Fig. 4 shows that the ETSS consists of four major parts.
The waveform generator (WG) produces repetitive rect-
angular voltage pulse trains which the voltage-to-current
converter (VIC) converts to constant-current pulses; these
pulses stimulate the subject through skin electrodes. The
analog system receives analog control signals from a user
interface such as a potentiometer, or from force or pres-
sure sensors, and provides signals which control the cur-
rent of each of the 16 stimulation channels. The IBM per-
sonal computer (PC) directly controls the WG through the
PC bus and through the analog system. It receives status
information from the WG and receives external analog
data from the analog system. Finally, the PC logs subject
responses and system status information in an output file.

Waveform Generator

The WG consists of a PC bus interface (Fig. 5), 16
programmable timer circuits (Fig. 6), and a waveshaping
circuit (Fig. 7). Fig. 8 shows the interconnections be-
tween Figs. 6 and 7 for the 16-channel WG. Fig. 9 shows
the common 5-MHz clock for the timers.

Bus Interface: Each of the Am9513 timer circuits (Fig.
6) is controlled by two bidirectional input/cutput (I /0)
ports. The bus interface maps each of the timers consec-
utively into the PC 1/0 space BOO-BIF hex. Only one
9513 timer is accessible at a time.

Timer Selection: Advanced Micro Devices (Sunny-
vale, CA) Am9513 programmable timer integrated cir-
cuits perform all of the timing functions in generating the
pulsatile stimulation waveforms. They are controllable in
real time by an extensive set of software commands and
are casily interfaced to the PC bus. A separate timer IC
for each channel controls the seven waveform timing pa-
rameters for each channel.

Timer Description: One off-chip master crystal-con-
trolled 5-MHz clock (Fig. 9) provides the time base for
all 16 IC’s. Each 9513 timer IC has five independently-
controllable counters, each with programmable clock rate
and source, start/stop trigger conditions, numeric pre-
load, and reset capability.

Counter Functions: Fig. 10(a) shows the functional
counter interconnections for one channel of waveform
generation. Using the waveform definitions in Table I,
Fig. 10(b) shows that counters 1 and 2 produce the posi-
tive and negative phases, respectively, of the stimulation
waveform. These counters function as hardware-triggered
delayed-pulse one-shot generators and control phase width
W, interphase interval IPI, and Type (monophasic, bi-
phasic) waveform parameters via software commands.
Counter 3 operates as a rate generator with level gating,
thereby controlling the pulse-repetition rate PRR. While
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Fig. 4. Electrotactile stimulation system. All arrows to and from PC are
PC bus interface connections. Solid lines are steady or slowly-varying an-
alog signals. Heavy solid lines are pulsatile waveforms.
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Fig. 5. The PC bus interface decodes software-generated signals which set
the timers in the waveform generator.
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Fig. 6. One channel of programmable timers which are set to generate the
waveform.
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Fig. 7. One channel of waveshaping circuits.
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CLOCK
(5 MHz)

Us
475244

5 MHz

Fig. 9. Two NAND gates and a 5-MHz crystal form the common clock
for all 16 channels.

counter 3 is on, counters 1 and 2 produce pulses at a con-
stant rate. Counter 3 may be gated off by either counter 4
or 5. Counter 4 controls the burst-onset delay D by gating
counters 3 and 5 off. It is a software-triggered strobe with
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Fig. 10. (a) Some of the counter interconnections for Am9513 timer cir-
cuit are internally controlled via software. (b) Timer counters 1 and 2 con-
trol W, IPI, and Type waveform parameters via software commands.
Counter 3 controls PRR, counter 4 controls D, and counter 5 controls F
and NPB via software commands.

no gating. Finally, counter 5 is a variable duty cycle rate
generator with level gating. While its output is high,
counter 3 is active which causes counters 1 and 2 to pro-
duce pulses. If the output of counter 5 is low, counter 3
is gated off and no pulses are produced. Counter 5 con-
trols the burst repetition frequency F and the number of
pulses per burst NPB via software commands.

Waveshaping: Figs. 7 and 10(b) show how the output
from the 9513 counters 1 and 2 control the timing of a
B+ stimulation waveform. When the output from counter
1 is high, an analog multiplier gates the analog signal from
the analog section directly to the WG output, producing
the positive phase of the stimulation waveform. A high
counter 2 outputs similarly produces a negative phase by
gating an inverted version of the analog control signal. In
all other cases the WG output is zero. By controlling
counters 1 and 2 with software, the waveshaping circuit
can produce all of the four pulse types: M+, M~, B+,
and B—. The analog control signal sets the stimulation
current.

Part Selection: The National Semiconductor 74HC-
4052 analog multiplexer is a single IC that can perform
the conversion of counter output pulses to the desired WG
output waveform. This IC has a maximal supply voltage
of +£7.5 V, necessitating a separate power supply of
+6 V.

Trimming of + Phases: Because the voltage-to-current
converter (VIC) gain is typically different for positive and
negative phases, adding R, or R, in Fig. 7 allows the neg-
ative phase amplitude to be trimmed upward and down-
ward, respectively, with respect to the positive phase. For
example, selecting R, = 1 MQ will make the negative
phase amplitude approximately 1% larger than the posi-
tive phase amplitude.
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Analog Ground: To prevent a ground loop which could
cause a common-mode noise signal to appear on the
ground lead from the analog section to the WG, the signal
ground is isolated from the PC chassis ground (Figs. 7,
8).

Voltage-To-Current Converter—Simplified Circuit

Fig. 11 shows a simplified form of the VIC which con-
verts only positive voltage pulses to positive current
pulses.

Current Control Loop: The voltage-to-current func-
tion is performed by the loop consisting of Ul and Q;.
The high gain of U1 forces vg; to be very close to v, the
input voltage. Therefore,

, Vg3
lpy =
Rs

(M

and

8
g+1

ics = ip. 2)
Therefore, the input voltage is converted into a current.

Current Mirror: Qs and Q, form a Wilson current mir-
ror [14], which reflects i to the load current.i; and al-
lows the load to be grounded. This also allows multiple
electrodes to share a common return path. We chose a
Wilson mirror for three reasons. 1) It has better matching
of input and output current, 2) it is less dependent on tran-
sistor B variations than a conventional mirror, and 3) it
does not require the 8 of Q; to be matched to Qs, or Qs;.
Therefore, we were able to use a high-voltage transistor
for Q5 as required. A conventional mirror would have re-
quired matched-pair transistors which could withstand
240 V and these were not readily available.

If all of the transistors in Fig. 11 have similar current
gain f3 and Qs, and Qs;, are matched

1

LT L E B ®

Static Transfer Function: Combining (1)-(3), and not-
ing that 8 = 100 for these transistors and Rs = 100 €,
the overall static transfer function: (transconductance) for
the V-I converter is

i _ 099 _

2, R, 8m (€]

or approximately 10 mA /V. Finally, g, is relatively in-
dependent of temperature, load resistance, and power
supply voltage.

Voltage-to-Current Converter—Full Circuit

This section describes the additional circuitry which
improves the performance and safety of the circuit in Fig.
11. Fig. 12 shows one complete channel for the VIC (less
power supply, common-mode buffer, and switching).

937

Fig. 11. Simplified voltage-to-current converter. ¥, appears across Rs. The
resulting current is reflected by the current mirror (Qs. Q) and flows through
the load.
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Fig. 12. Bipolar voltage-to-current converter has feedback loops to stabi-
lize the dc operating point and compensate for output cable capacitance.
Some of the special part requirements are: Cs, C, are metal film polyester;
C, is ceramic; all transistors are Motorola; Q, and Q; are thermally cou-
pled: Q, and Q, are thermally coupled: Q5 sub is RCA SK9115: Q, sub is
RCA SK9114; all resistors 1/4 W 5% carbon. U, is National date code
8906 or later. Resistance in Q unless noted: adjust R, for circuit transcon-
ductance g,, = 10 mA/V. Cgy is the stray capacitance from the output
terminal to ground.

Differential Input: To provide rejection of common-
mode noise which develops on the long input ground lead,
the VIC has a differential input. The current feedback loop
consisting of Cs and Cg causes the voltage at the junction
of R; and Rs to be nearly equal to v,, so

. vy — 1
i = V70 5)
B RlIRe
where
RsR¢
Rs|Rg = m———=. 6
sIRs R+ R, 6)
Therefore, i, is dependent on v, — v, rather than on v,
only.

Common-Mode Buffer: A wideband, high-current buffer
circuit (Fig. 13) provides the necessary current (up to 50
mA per channel) to drive the (—) input of the VIC in Fig.
12.
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Fig. 13. A high-current buffer provides up to 50 mA to drive the negative
input of all 16 voltage-to-current converter circuits to reduce common-mode
interference. U, is Apex Microtechnology (Tucson. AZ) type PA02. All R
in Q, all Cin uF.

Decoupling and Bypassing: In Fig. 12, C, and C, pro-
vide bypassing for the low-voltage supply to prevent
cross-channel interference. R, and R,, decouple each
channel from the high-voltage supply. Without these re-
sistors, high-frequency current transients which occur
when the Qs, Oy, Q,, and Qg switch on and off in one
channel will distort the output waveform from physically-
adjacent channels. No value of bypass capacitor was suf-
ficient to provide this decoupling without R,y and R,;.

Rejection of dc: Fig. 12 shows that the current feed-
back loop is capacitively-coupled. Cs and Cy pass stimu-
lation pulses with widths (W) up to approximately 10 ms
with minimal distortion, effecting current control as in the
simplified circuit. Ry, however, provides a dc negative-
feedback path from the circuit output. The high overall
circuit voltage gain forces the dc component of v to track
the dc component of v, which is <0.5 V for any reason-
able functionally-monophasic stimulation waveform (for
balanced-biphasic waveforms, it is zero). The resulting
net dc load current is < 25 nA for a linear load. Because
an electrode load is nonlinear [15], an additional net dc
voltage source of up to 1.25 V (for strong stimulation by
a 5.5-mm diameter metal electrode) can appear due to rec-
tification of the asymmetrical functionally-monophasic
waveform. The resulting maximal net dc electrode current
is (1.25 V + 0.5 V) /20 MQ = 87.5 nA.

One result of this dc rejection is that the output current
pulse amplitude is lower than expected because the input
waveform is dc-shifted. For functionally-monophasic
pulses we must therefore modify (4):

L 0% - puty) =g, ™
U R5
because / = (1 — DUTY) - I' in Fig. 2 where DUTY =
NPB - W/Tis the duty cycle for functionally-monophasic
stimulation. To compensate, the software multiplies the
desired functionally-monophasic current by 1/(1 —
DUTY).

Output ac Coupling: To prevent the dangerous flow of
dc current from the 120-V supply to the subject should
one of the output transistors fail, C3 and C, couple the
electrode to the output transistors Q7 and Qg. R; and Rg
serve to equally distribute any residual dc drop that may
develop across these capacitors.

Bias Point Stabilization: The quiescent current through
Q; and Q,, and hence, Qs, Oy, @7, and Qy, is maintained
at approximately 0.5-1 mA by R, R,, R;, and R,. Q, and
Q, are diode-wired and thermally-coupled to Q5 and Q4,
respectively, to prevent temperature changes from ad-
versely affecting the bias point.

Output Stray Capacitance Compensation: Because the
output circuit is a current source, stray capacitance be-
tween the output and ground creates a first-order lag (low-
pass filter), distorting the current waveform i at the elec-
trode load Z;. The stray capacitance to ground (Csr in
Fig. 12) is approximately 55 pF in the output circuit, 155
pF in the 2-m output cable, and 45 pF in the electrode
array. Because the resistive part of the electrode load var-
ies more than an order of magnitude with current [15],
[16], a simple lead-compensation network would not cor-
rect this effect. Instead, C; provides a differentiated pos-
itive-feedback path from the circuit output to its input, so
that in Fig. 12

I.(s) = Ip(s) — sCsrVp(s)
= g [Vi(s) — V() + sKC;Vp] — sCsrVo(s). (8)

where K is a constant determined by the input circuit char-
acteristics of U,. Noting that Vy(s) = I (s)Z,(s), the
overall transfer function of this circuit then becomes (as-
suming an otherwise ideal voltage-to-current converter)

IL(S) — gm
Vi(s) = Va(s) 1 — sZ,(KC; — Cst)’

®

Proper choice of C; will therefore cancel the effect of stray
output capacitance Cgr, independent of the load imped-
ance Z; (see ‘‘Performance,’’ below). The value of C; is
dependent on the output cable length. For a 2-m output
cable, 4 pF is appropriate and is small enough to provide
a nearly ideal differentiated feedback.

One of the dc-offset-correction terminals on U, is used
as an additional input to avoid using a second op-amp as
a summer. This unconventional usage requires National
LF351 circuits with a date code of 8906 or later. Earlier
units have a much lower ‘‘input’’ resistance at pin 1 (160
Q versus 14 kQ), preventing proper operation of this cir-
cuit.

Gain Adjustment: Since the circuit gain in (4) is
slightly less than 10 mA /V in the simplified circuit, vari-
able Ry is added which allows g, to be trimmed to 10
mA /V. This is shown in (5) and (6).

Physical Layout: Because this is a high-gain, wide-
band circuit with a high output impedance, stray capaci-
tance between input and output must be minimized to pre-
vent undesired oscillations due to capacitive coupling.
While a single-channel prototype never oscillated, we ex-
perienced difficulty preventing high-frequency oscilla-
tions (=3 MHz) when two or more channels were oper-
ated in close proximity. Power-supply bypassing at each
LF351 was helpful. Most of the cross-channel coupling,
however, occurred in the output cable to the electrodes.
A flat ribbon cable with a grounded lead between each
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pair of output leads provided sufficient interchannel iso-
lation while avoiding the bulk and high capacitance to
ground of 16 individually shielded leads. When this cable
configuration connected the output circuit board to the
electrode array, the oscillations disappeared.

Semiconductor Selection: Qs and Q, need to withstand
120 V; Q; and Qg need to withstand 240 V, yet all must
operate at low currents of 0.1 to 50 mA. Otherwise their
characteristics are not critical. Power consumption is low
(<600 mW, usually much lower) because the driving
waveform duty cycle never exceeds 10%. We chose
300-V, 600-mW units. Selection of Qs and Qg proved
more difficult. Few matched-pair devices exist in comple-
mentary (NPN and PNP) forms with flat 8 and matched
characteristics from 0.1 to 50 mA. We chose the best
available and correct for their nonlinearity in software and
correct for NPN-PNP mismatch in the waveform gener-
ator circuit.

Power Supplies: The VIC requires two power sup-
plies: low-voltage (£15 V) and high-voltage (£120 V).
The 15-V supply must be energized first and de-energized
last to minimize output transients. A three-position power
switch (off, standby, operate) provides this function. An
optical subject-operated footswitch can also disable the
120-V supply for emergency shutdown of stimulation.

Furthermore, a current surge which occurs upon appli-
cation of the 120-V supply requires that this supply (Aco-
pian 120GT05D) receive ac line power before connection
to the VIC circuit (also provided by the three-position
power switch). Failure to follow this procedure results in
automatic supply shutdown.

Analog System

We chose an analog data acquisition and control system
from Analog Devices (Norwood, MA) because of its flex-
ibility and software support. Its model RTI-820 circuit
board which resides in the PC contains one analog-to-dig-
ital converter (ADC) and one digital-to-analog converter
(DAC), in addition to three 8-bit parallel ports. Four pe-
ripheral model STB-HLO2 interface boards containing an-
alog multiplexers provide a total of 64 channels of analog
input to the PC and 16 channels of analog output from the
PC. The analog inputs receive signals from subject-con-
trolled potentiometers or from force to pressure sensors.
The analog output signals control the current of the 16
stimulation channels.

IBM Personal Computer

An IBM PC controls the ETSS. The PC is equipped
with 640 kbytes of RAM, one 360-kbyte floppy disk drive,
a 10-Mbyte hard disk drive, an 8087 numeric coproces-
sor, a serial port to communicate with a Diablo 630
printer, and a real-time clock (MI0-100 Multi-I/O card).
Although not required for ETSS operation, the Microway
(Kingston, MA) Number Smasher/ECM and Mother-
board Accelerator speed up data logging and waveform
updating on the system by 1) substituting an 8086 proces-
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sor for the PC’s 8088 and 2) increasing the PC clock speed
from 4.77 to 12 MHz. An upgraded (150-W) power sup-
ply and an extra cooling fan support the custom WG cir-
cuit board which plugs into the PC backplane and draws
4 A from the +5 V PC power supply.

Safety Features

The following features protect the subject from electri-
cal injury even with multiple system faults:

Redundancy: Fig. 12 shows that at least three faults
are required to connect the output to a dangerous voltage
(the +120 V dc supply). A combination of any two faults
(for example, shorted Q; and shorted C;) will allow a
maximum of 1.2 mA to flow into the electrode. While 1.2
mA dc is painful, it is not dangerous.

Power-Line Protection: The subject return electrode is
connected directly to the equipment ground. Therefore, a
ground-fault circuit interrupter (GFCI) in the 120 V ac
power line to the entire experimental apparatus protects
the subject from receiving a dangerous shock if a major
power-distribution fault occurs. The GFCI will also dis-
connect the ac power in the unlikely event that the subject
touches a 120 V ac conductor in the ETSS.

Physical Layout: Circuitry with an electrical path to
the subject is oriented or mounted so that broken or
abraded wires, bent mountings, etc. are not able to con-
tact dangerous voltages (120 V ac or £120 V dc).

Footswitch: A footswitch which interrupts the +120 V
dc supply allows the subject to quickly turn off the stim-
ulation if the stimulation intensity becomes painfully high
due to software failure.

Charge-Limiting Output Coupling: The value of the
output coupling capacitors ensures that insufficient charge
(24 uC) can flow into a single electrode to cause ventric-
ular fibrillation (560 uC—see below) in the subject, even
with software failure or two circuit failures.

Consider the worst-case scenario in which C, in Fig.
12 is shorted and Cj is initially charged with the circuit
terminal + 120 V with respect to the load. Then suppose
that Oy shorts, temporarily placing —120 V on the elec-
trode load. Current will flow through the load (subject) to
reverse the polarity of charge on C;. The required charge
is g = Cv = (0.1 pF)(240 V) = 24 pC. This is the max-
imal charge that can flow into the subject with two system
faults.

We arrive at the fibrillation charge of 560 uC as fol-
lows. The accepted lower limit of ventricular fibrillation
for whole-body, arm-to-arm 60-Hz current flow in hu-
mans is 75 mA rms [17]. Roy et al. [18] show that elec-
trical stimulation (extrasystole) of isolated rabbit hearts
(using large electrodes to simulate whole-body current
flow) occurs within the first half-cycle of ac stimulation
at 500 Hz. We assume that this is also true at 60 Hz,
because the period is longer and because the time constant
for stimulation of the human myocardium is 0.6-1.1 ms
[19]. Furthermore, the required average pulse current for
external defibrillation of dog hearts is independent of pulse
shape from 2-20 ms [20]. Therefore, the required human
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fibrillation charge in the first half-cycle of 75-mA 60-Hz
stimulation is (68 mA ave)(8.3 ms) = 560 uC.

Electrode Design: Finally, coaxial electrodes (an ac-
tive center electrode surrounded by a grounded ring) re-
strict the current flow to the vicinity of the electrodes. To
cause fibrillation, the ground lead would have to break
and the subject would have to touch a grounded object to
provide a current path through the heart, in addition to the
faults discussed above.

Performance

Operational Limits: Due to the limited supply voltage
of +120 V, the output coupling circuit (Cz, C;, Ry, Ry)
imposes limits on the maximal output current into various
loads with various waveforms. These are hard limits;
minimal waveform distortion occurs before the limits are
reached.

For functionally-monophasic pulses driving a 0-Q load,
the maximal available current Iyj4x (mA) is approxi-
mately (£15%)

k1 + (@/WI[1 + cln (F][1 — d(NPB — 1) In (PRR)]

(approximately 2 nF capacitance in parallel with 1-20 kQ
resistance [15]).

Linearity: The transconductance of 10 mA /V varies
+1 to —4% over the useful operating range of 1-50 mA
(+1 to —2% for 2-30 mA). Since this nonlinearity is
somewhat predictable with current, the software corrects
the linearity to +£2% over 1-50 mA. Also, since the VIC
gain for positive and negative phases is often different,
the WG has a provision for trimming the amplitude of the
negative phase.

Dynamics: With a rectangular pulse at the input, the
output current into 100 £ or into an electrode settles to its
final value in <1 us with a maximal overshoot of 2%.
The pulse flatness is +0.5% for a relatively long (1-ms)
pulse.

Timing: All of the waveform parameters except cur-
rent are derived from the 5 MHz crystal and hence their
accuracy is limited only by the resolution of discrete fre-
quency division in the Am9513 timer circuits (Table I).

(10)

IMAX -

where the interburst interval IBI =T — (10 >)NPB - P —
(10"%W. Experimental determination of the empirical
constants for a least-squares fit yields k = 0.98, a = 4800,
b = 1.08, ¢ = 0.31, and d = 0.0057. The unit for IBI is
s; the other waveform parameter units are defined in Ta-
ble I.

For balanced-biphasic pulses, the maximal current into
0 Q is approximately (+10%)

I = — 11
MAX W (11)

where C = 50 nF (the equivalent of C; and C,).

The exact analytical expressions for (10) and (11) are
very complex. Equation (10) is an empirical model which
applies over the physiologically useful range of stimula-
tion waveforms. Equation (11) determines the current
which will cause 100 V to appear across the C;, C, net-
work during the first phase of a balanced-biphasic pulse.

A typical electrode requires 25-60 V depending on the
stimulation current [15]. This reduces the maximal output
current of the circuit into an electrode to approximately
Ivax /2. For the electrodes used in most of our studies
(5.5-mm diameter) the drive capability of this circuit for
balanced-biphasic pulses is sufficient to produce painful
stimulation if desired. Some functionally monophasic
pulse trains with NPB > 1 are not capable of delivering
very strong stimulations due to the delimiting in (10).

Output Impedance: An ideal current source has an in-
finite output impedance. This circuit has a primarily re-
sistive output impedance of 2 MQ, which results in <1%
change in current over the range of electrode impedances

b+ (NPB —~ DIBI - F

SOFTWARE

The entire ETSS is controlled by the IBM PC through
its bus. A custom software package translates a user input
file containing commands for all of the waveform param-
eters for each of the 16 output channels into hardware
commands for 1) the WG timers (which control all param-
eters except current) and 2) the analog section (which
controls simulation current). The PC bus interface uses
I/0 hex addressed BOO — BIF for the waveform gener-
ator and I1/0 hex addresses 220 — 22F for the analog
system.

The software performs the following functions:

1) Read the input file containing the experiment con-
trol commands.

2) Check the input file for errors.

3) Randomize the order of stimulus presentations if

specified.

4) Provide the specified subject instructions and
prompts.

5) Present the stimuli to the subject as defined in the
input file.

6) Record the subject’s responses, relevant parame-
ters, and system error and status messages.

7) Sort the recorded data in the same order as the input
file.

8) Generate an output file with recorded data.

Development Tools

We wrote most of the source code in Borland (Scotts
Valley, CA) Turbo C version 2.0 along with the Turbo
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Assembler 1.0 and Turbo Debugger 1.0. Several time-
critical functions use 8086 assembly code. Compiled
drives (Analog Devices model AC1527-A) simplify com-
munication with the analog system.

Software Features

Command Language: The ETSS software conducts ex-
periments written in the ETSS command file language.
This language supports directives and operation codes that
enable the experimenter to control every feature of the
system.

The command file consists of a header section and a
body section. The programmer must define all variables,
mathematical functions, blocks of text, and output file
format commands in the header section. The body con-
tains the data and commands that produce stimulations.
The body is divided into groups of trials which are futher
divided into parts. In addition, each trial is assigned a
design number. This structure allows the system to ran-
domize the execution order of experiments as well as sort
result files in a consistent fashion.

Waveform Parameter Control: Every waveform pa-
rameter except for Type and D may be updated in real-
time (during an experimental trial) via mathematical func-
tions. ETSS functions accept from one to three arguments
and support operators such as logarithms, exponentiation,
powers, roots, multiplication, division, addition, and
subtraction. Arguments may be a combination of analog
inputs (e.g., knobs connected to potentiometers), time,
user-defined variables, or constants. A range-checking
routine reports out-of-range parameters to the experimen-
ter and prevents subsequent system malfunctions.

The command language provides user-defined vari-
ables, waveform parameter soft-limits, and analog *‘jit-
ter.”’ A variable such as an experimentally determined
sensation threshold may be defined and used in a later
trial. For example, the stimulation current for one trial
can be a function of an earlier subject response.

The operational limits of the waveform parameters may
be limited via a software command; thus, the system pro-
grammer can set the minimal and maximal operating value
of a parameter. Furthermore, the programmer may spec-
ify the scope of this feature to affect any particular trial
or the entire file.

The optional analog jitter function adds a random num-
ber to any desired analog input to prevent the subject from
memorizing a particular potentiometer position for a re-
peated response.

Subject-Experimenter Interface: The ETTS software
supports numerous methods of acquiring data from a test
subject and displaying information to the subject. The
subject may either enter data from the keyboard or from
an analog input (e.g., by adjusting a potentiometer). The
system always prompts the user when data inputs are re-
quired. At the end of each trial, the subject’s responses
are logged to an output result file for further processing.
Long experiments may be saved and resumed at a later
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time. A group of experimental trials may be repeated if
the subject makes a procedural error. At any time, the
experimenter can append a comment to the output file.

Error Detection and Trapping: Experiments may run
in either the normal mode or the debug mode. Normal
mode operation displays only the information necessary
for the subject to interact with the system. The debug
mode displays the above information as well as informa-
tion useful to the system programmer when debugging a
command file, such as a real-time display of waveform
parameters.

The ETSS system supports extensive error trapping,
generating over one hundred error messages for condi-
tions like out-of-range parameters and errors in command
file syntax.

Executable Modules

The ETSS software consists of three executable files:
1) the command file preparser and randomizer, 2) the
command file parser and interpreter, and 3) the result file
organizer. An intelligent batch file sequentially invokes
each file, aborting the process when necessary.

Preparser: If the experimenter specifies a randomized
experiment, the command file preparser randomizes the
execution order of the specified part of an experiment and
creates a temporary reordered command file.

Parser and Interpreter: The command file parser and
interpreter executes command files line by line. To opti-
mize system performance, each part in the command file
body is compiled prior to execution.

In addition, the system translates mathematical func-
tions into Intel 8087 coprocessor machine code. Mathe-
matical translation is accomplished as follows. First the
function is formatted and operators are distinguished from
variables and constants. Then the mathematical function
is converted from infix to postfix notation. The conver-
sion is necessitated by the 8087 coprocessor stack-based
structure. Finally, each operator is translated into a se-
quence of Intel 8087 machine-language instructions.

Result File Organizer: The result file organizer sorts
and formats the output files generated by the parser and
interpreter and sorts the output file according to the design
numbers associated with each trial. Thus, data from a ran-
domized experiment are logged to a result file in a con-
venient order for analysis.

Unusual Software Solutions

IBM-PC Timer Interrupt: The ETSS system utilizes the
IBM PC TIMER interrupt (interrupt zero) to conduct
many of its time-dependent functions. The ETSS software
changes the timer frequency to 20.0 Hz by reprogram-
ming the 8253-5 programmable interval timer and installs
a new interrupt service routine for the duration of the ex-
periment. The original interrupt routine which updates the
IBM PC system clock is not called by the new interrupt
service routine, so upon exiting the system, the system
clock must be reset from the hardware time-of-day clock.
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During the parsing of command file lines, the TIMER in-
terrupt is disabled by masking the appropriate bit of the
8259A programmable interrupt controller. The PC will
function as expected with the TIMER interrupt disabled
except when calling some DOS interrupt functions, for
example, subfunction 08H of the DOS interrupt 21H (re-
trieve a character from the keyboard).

Real-Time Update of Am9513A Registers: The ETSS
software updates the Am9513A system timing controllers
in real-time. This may be accomplished without losing
waveform integrity as long as one does not write to a
counter during its terminal count. (During terminal count,
the counter reloads itself from internal registers.) To avoid
this situation, updating is synchronized with the 9513 os-
cillator via its FOUT (frequency.out) pin. The ETSS soft-
ware configures the FOUT pin to produce a 50-kHz signal
derived by frequency division of the master oscillator. The
software updates registers only after a level transition of
FOUT to ensure terminal count does not occur during the
update process (which lasts approximately 8 us).

Complete schematic diagrams and software are avail-
able by contacting the third author.

CONCLUSIONS

The system described above is fully operational; it rap-
idly and automatically delivers a wide variety of electro-
tactile stimuli to subjects. Using this flexibility, we hope
to determine 1) which waveforms can maximize dynamic
range and comfort, 2) minimize error in identification of
waveform parameter changes for information display, and
3) minimize skin irritation.

The ability to rapidly record large amounts of data has
already yielded an interesting observation on the time
variations in the electrotactile sensation threshold [21].
Ongoing experiments [22] include 1) the determination of
how accurately a subject can control hand grasp force
using electrotactile force feedback, 2) maximization of the
perceived intensity of stimulation without discomfort, and
3) characterization of sensory adaptation to electrotactile
stimulation.
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